INTRODUCTION
Towards the end of February 1986, mass mortalihes were reported in beds of Pecten nlaximus at SaintBrieuc (North Brittany, France), which is the center of French scallop production. Similar mortalities reoccurred during the same periods of the 2 following years. The scallop production loss was estimated at ca 10 000 tons for the 3 years and total scallop mortalities ranged from 20 to 30 % (Dao pers. comm.).
Initial histopathologic investigation of the mortalities was undertaken during March 1987. Rickettsia-like infection within the gill endothelial cells was described but no evidence of a deleterious effect on affected tissues was found (Le Gall et al. 1988a) .
Rickettsia-like and Chlamydia-like infections have been reported in several marine bivalve molluscan species (Lauckner 1983) , noticeably among Pectinidae:
Placopecten magellanicus (Gulka et al. 1983) ; Argopecten irradians (Morrison & Shum 1982 , 1983 , Leibovitz et al. 1984 , Leibovitz 1986 ; Patinopecten yessoensis (Elston 1986a) . hckettsia-like microorganisms were occasionally associated with mass mortalities of cultivated adult bivalves (Comps & Raimbaud 1978 , Gulka et al. 1983 , Elston 1986b . In hatchery-reared larval and post-metamorphic A. irradians, chlamydiosis was established as an extremely lethal epizootic disease, although enzootic for adults (Leibovitz 1989) . While a limited understanding of the morphology of these procaq~otic pathogens exists, their actual signifiInter-Research/Printed in Germany cance and specificity as agents of molluscan diseases is poorly understood. To gain a better understanding of the pathogenic role of Pecten maxln~us rickettsiae, the following descriptive and analytic epizootiological study was undertaken.
MATERIAL AND METHODS
Scallops. Young (1 to 2 yr) and adult (3 to 5 yr age)
Pecten maximus were collected between 1985 and 1989 from several French and northern European beds (Fig. 1) . The size and frequency of samplings varied with geographic area. In Saint-Brieuc Bay, where the epizootiological survey was more extensive, all of the scallops collected were dredged from a n experimental bed free of commercial fishing.
Juvenile scallops were obtained either directly from the Argenton hatchery (IFREMER, Brittany) or at different ages from the English Channel (scallops ranged in size from 6 to 30 mm) and from the Mediterranean Sea (40 mm in size).
Two hatches of larvae, produced by methods described by Buestelet al. (1982) frominfected Saint-Brieuc brood stock, were employed for rickettsia1 transmission studies. One hatch received chloramphenicol(8 m g 1-l) during the first 28 d of larval rearing; the second hatch did not receive chloramphenicol and served as an experimental control to evaluate the effect of the antibiotic on rickettsia1 development (Ormsbee et al. 1955) . scallop tissue smears. The specific immune serum for this test was produced in mice immunized against purified rickettsiae of Pecten maximus. The specific antibodies against scallop antigens were eliminated through acetonic extraction of gills of healthy scallops .
Experimental infections. Four month old scallops (10 to 15 mm) were experimentally infected by immersion (bath method). For this purpose, suspensions of ca -0 u e s s a n l been in contact with infected adults and were assumed to be rickettsia-free. Histologic examinations were negative ior ric~ettsiae. Experimentaily infected and uninfected control scallops were maintained separately under similar feeding and water quality conditions. Statistical analysis. Significance testing of differences observed for degrees of infection, origin and sampling date of experimental groups of scallops were made by a Fig. 1 Scallops from Norway, the most northern area rickettsial examinations of larval or post-metamorphic studied, appeared rickettsia-free based upon histologi- but were also significantly increased compared to the preceding year, being ca 5 times higher.
Epizootiological survey in Saint-Brieuc Bay
An extensive eplzootiological survey of the disease in Saint-Brieuc Bay was undertaken because of its prime importance in French scallop production. Histological studies were conducted on fixed specimens collected in September 1985, prior to the first reported mortalities. Numerous samples were collected regularly between March 1987 and April 1989. No rickettsia1 colonies were detected in histological sections prepared from scallops collected during September 1985. Regardless of time of collection during the year, maximal prevalence was observed in all samples collected after March 1987. However, large fluctuations in degrees of infection were noted (Table 2) . Results suggested that mortalities observed at the end of the winter of 1987-88 followed an increase in degrees of infections between October and December and coincided with the disap- For each sample, the total surface corresponds to 100 %; n: number of samples pearance of heavily infected scallops during spring 1988 (Fig. 2) . This relabonship between time and infection was statistically confirmed, leading to the conclusion that scallops were significantly more heavily infected during this winter period. In 1988-89, the epizootiological survey was repeated by analyzing larger samples in November, December and April (Table 2 ). Evidence was obtained of an intensification of rickettsiosis; the degrees of infection significantly increased from the beginning of winter reaching mean values equal to d = 249.5 + 153 in December and d = 229.5 + 167.6 in April. As shown in the frequency histograms (Fig. 2) , about 30 % of the scallops had higher degrees of infection compared to maximal values found the preceding year (d = 3 11.9 + 72.6) in December.
T L "-....,,I-&:--l ,~e c u r r c k o u v l l between the degree of i r~f e c i i u~l drid the age of the scallops was studied separately for adults and juveniles, since rickettsiae were quantified using Jan 89 5 Yr 110-120 10 1 8 6 . 9 k 68 2 P r e v a l e n c e different methods for each age group. In spite of the low number of samples, no apparent difference in the degree of infection was found relative to the age of adult scallops (Table 3) . Hatchery-produced juveniles, examined at various intervals within 1 mo after being placed in lobster pots in the bay, were found to be rickettsia-free, whereas juveniles which were maintained for 4 mo and longer in the open sea had maximal prevalences (P = 100 %).
The degree of infection, estimated from longitudinal sections of the 2 gills, increased from a mean of d = 8.0 ( + 6.0) for juveniles 14 to 22 mm to d = 49.9 (k 48.6) for those measuring 30 mm and exposed for 10 mo in the bed (Table 3) .
Mode of rickettsia1 transmission

Vertical transmission hypothesis
The possibility of vertical transovarian transmission was tested by looking for rickettsiae in larvae of infected breeding scallops from Saint-Brieuc, using indirect immunofluorescence (IIF). Two hatches, one treated with chloramphenicol and the other untreated, were analyzed. Histological examinations of both hatches, examined at 2, 8, and 20 d of age, were negative. The results were also negative at 27 and 35 d of age for the hatch treated with antibiotic; however, the untreated hatch was very difficult to interpret due to bacterial contamination resulting in nonspecific background fluorescence. Histological examinations of the gills of 50 other juveniles, produced by the same infected broodstock in the same hatchery and grown in the Mediterranean Sea, were negative for rickettsiae (Comps pers. comm.) .
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Horizontal transmission hypothesis
Employing IIF, fluorescent procaryotes were detected in smears from 3 juveniles out of 15 observed 1.5 mo after experimental (bath) immersion with rickettsiae. Fluorescence was not detected in similar experimental scallops treated without antibody. Smears of control scallops reacted with rickettsia-specific antibodies were also negative. Three months later, rickettsiae were found in 7 sacrificed experimentally exposed scallops, one of which had a pronounced infection. All of the unexposed sacrificed control scallops were rickettsiafree at the termination of the experiment. The horizontal transmission hypothesis was also considered by analyzing the prevalence and degree of infection in juveniles from the grow-out system of the same hatchery (Fig. 3) . In Saint-Brieuc Bay, infection was detected in all juveniles which were reared for 4 mo in the open sea ( d = 8.0 f 6.0). After 10 mo rearing in the open sea, the degrees of infection were greatly increased ( d = 49.9 k 48.6). In Brest Bay, rickettsiae were not associated with juveniles less than 15 mm in size, and only 50 % of 10 mo cultured young scallops were positive with lower degrees of infection (d = 1.75 + 0.97).
Alternate host hypothesis
Samples of gills, gonad and digestive gland of Crepidula fornicata, removed from infected scallop shells, were found negative for rickettsiae. Rickettsia1 colonies were found in the branchial filaments of 2 related pectinid species, Chlamys varia and C. opercularis. However, based upon morphologic, biochemical, and serological analyses, these rickettsiae were distinctive from those associated with Pecten maximus (Le Gall et al. 1988b, Le Gall et al, unpubl.) .
DISCUSSION
Histological analysis of Pecten maximus samples collected in Saint-Brieuc Bay after the onset of mortalities led to the identification of a gill rickettsia infection (Le Gall et al. 1988a ). The absence of this rickettsial infection in scallops collected in the same area before the first mortalities led to the hypothesis that the rickettsia was the etiologic agent of an infectious disease. In splte of some other cases of rickettsiosis associated with bivalve mortalities, the lack of epizootiological data limits the understanding of the actual impact of these microorganisn~s on the host populations. The present study was intended to assess the prevalence, degrees of infection, the influence of the age of the host and the geographic distribution of the disease.
Prevalences of the disease varied widely within Europe. Norway was an apparent scallop rickettsia-free zone. Thus it may be assumed that the association of rickettsia with Pecten maximus is not obligatory and should not be interpreted as a symbiotic relationship. Intracellular symbiotic procaryotes have been described in several arthropod species (Weiss et al. 1986 ) and abyssal bivalves (Le Pennec et al. 1988) . A more detailed epizootiological survey revealed highly Infected French populations, especially along the English Channel where prevalences were greatest. Such strong differences between the prevalences in French and northern European regions prompt speculation as to the origin and extension of rickettsiosis of scallops. It is possible that the disease started in unspecified areas of SaintBrieuc Bay and had spread towards other European beds. In contrast, the marked epizootic nature of rickettsiosis in France might have resulted from the introduction of infected scallops into a rickettsia-free area. In fact, some spat have been imported since 1982, during a Saint-Brieuc restochng program, from Scotland and Ireland. It should be noted that, at that time, Irish spat was found to be infected with rickettsia (Tige pers. comm.). However, it is difficult to support a single hypothesis since rickettsiosis was found in areas where no introductions were known, and furthermore no specimens were taken for analysis prior to 1987.
Production decreases have been observed since 1986 in the areas of highest prevalences and degrees of infection: Saint-Brieuc, Grandcamp and Dieppe. Moreover, a significant exacerbation of rickettsiosis, based upon observations of prevalence and degrees of infection, occurred during the winter of 1988-1989 for the populations of Saint-Brieuc, Brest and Concarneau.
In spite of the Limitations of histological quantification methods, it is noteworthy that rickettsiosis was exacerbated in winter and was followed by the disappearance of the scallops with the greatest degrees of infection in spring. The temporal coincidence of disappearance of highly infected individuals with increase in mortalities further supported greater rickettsial pathogenicity during this time. Taken together, the data tend to incriminate rickettsiosis in the scallop mortalities. Nevertheless, the seasonality of the disease, as demonstrated by the data, suggests a possible interaction with physiological and/or environmental factors. This would be consistent with other classic examples of disease pathogenesis. Long-term epizootiological surveys and physiological research will be required for the investigation of the pathogenesis of Pecten maximus rickettsiosis. Experiments are in progress in the laboratory simulating a variety of environmental factors that may be correlated with the severity of rickettsial infection and scallop metabolism.
The infection process was investigated by analyzing the development of the infection with the age of the scallop. Severe infections could be observed in adult scallops of all ages. Juveniles quickly become infected when placed in an area of nckettsiosis; however, the prevalence and degree of infection was found to be related to the local disease level. These observations demonstrate the prime importance of the environment in the transmission of rickettsiae. Three possible methods of transmission of procaryotes have been proposed (Weiss 1981) . The first, vertical transovanan transmission, i.e. via the ovary from generation to generation, has been established for several arthropods. For the other 2 modes, transmission is linked to external parameters. Horizontal transmission may be by simple pmxirr?ity, the :nfec?i=us agent being spread ill the environment (air and water), or through an alternate host (vector), such as hematophagous or phytophagous invertebrates.
In this study, the vertical transmission hypothesis was rejected since larvae from infected breeders reared without antibiotic were consistently negative for rickettsia. Moreover, juveniles obtained from the same infected broodstock and reared in a rickettsia-free area (Mediterranean Sea) were negative for rickettsiae after several months. On the other hand, it may be assumed that horizontal transmission was an efficient mode of infection since similar juveniles of the same age kept in Saint-Brieuc Bay and those exposed to experimental bath infection became heavily infected. As purified rickettsiae survive in seawater for several hours (data not shown), rickettsiae liberated from gill tissues are probably infective for other scallops.
It was initially believed that related pectinids, such as Chlamys opercularis (Le Gall et al. 1988b ) and C. varia, constituted alternate hosts for Pecten maximus rickettsia. However, the morphological and serological characteristics of the rickettsia-like organisms in these species are distinct from those associated with P. maxim us.
At this stage of epizootiological study, it is not possible to define completely the role environmental factors act in synergy with Pecten maximus rickettsiae upon a compromised host. This pathogen can be distinguished from other bivalve parasites like Bonamia ostrea, the hemocytic disease agent of the flat oyster Ostrea edulis (Pichot et al. 1980) , whose pathogenicity appears to be a more intrinsic characteristic of the parasite. P. maximus rickettsiosis may be an interesting disease model, suitable for analysing interactions between pathogen, environment and host in the study of disease pathogenesis. It would be especially interesting to test the involvement of the host immune system, particularly as to resistance or susceptibility with varying age. Lelbovitz (3.989) reported that chlamydiosis was highly virulent for larval bay scallops Argopecten irradians, but relatively avirulent for adults. Such a progressive increase in resistance is also well known against some viruses in other invertebrate groups (Evans 1986) . Trials are in progress introducing Mediterranean rickettsia-free juveniles or young scallops into infected areas to evaluate their respective susceptibility.
Finally, the economic importance of pectiniculture, the frequency of rickettsiosis and the probable involvement of the Pecten maximus rickettsiae in the winter mortalities make it essential to extend these epizootiological studies to other scallop species and other countries. Since the histologic methods employed in this study are inadequate for mass sample analyses, more efficient tools for rapid and quantitative diagnostic merhods should be developed. For such purposes, immunodiagnostic tools, including monoclonal antibodies and DNA probes, would constitute choice alternative methods.
